We determine, with excellent agreement between theory and experiment, the behavior of single wall carbon nanotubes during uniform electron irradiation. Calculations utilizing known ejection threshold energies predict that an isolated nanotube will damage preferentially on surfaces that lie normal to the electron beam. A minimum incident electron energy of 86 keV is required to remove a carbon atom by a knock-on collision for this geometry. Higher electron energies are required for any other geometry, and at energies exceeding 139 keV every atom on a nanotube is susceptible to ballistic ejection. Transmission electron microscopy observations of nanotubes using 80-400 keV electrons corroborate these conclusions. Based upon empirical observations, we also explain damage processes in nonisolated nanotubes.
I. INTRODUCTION
High resolution transmission electron microscopy ͑HRTEM͒ has proven to be indispensable in the study of carbon nanotubes. Since a typical single wall nanotube ͑SWNT͒ is only 1.4 nm in diameter, 1 few other in situ or ex situ characterization techniques afford the possibility of oneto-one correlation between the structure of a SWNT and its measured properties. Unfortunately, the ability to achieve this goal is impaired by the fact that nanotubes are susceptible to damage by electron irradiation 2-7 due to the low atomic number of carbon. In analog to the uncertainty principle, TEM observation transforms the nanotube microstructure, and the properties of the resultant material are unlikely to match those of unirradiated nanotubes. Consequently, it is important to understand how the electron beam interacts with a SWNT in order to determine a minimally destructive condition for TEM characterization.
Since nanotubes are comprised of sp 2 carbon, it is often assumed that they can be safely observed at tensions below the threshold for displacement damage in graphite ͑130 kV͒. 8 Yet a SWNT lacks the c-axis packing of graphite or of a multiwall nanotube ͑MWNT͒, so its constituent atoms are less constrained from displacement and might be expected to have a correspondingly lower displacement threshold. No explicit determination of this energy has been previously attempted. Studies that have focused upon MWNTs 4, 5 have shown the anisotropic callapse of MWNTs into graphitic ''ribbons'' during 800 keV electron irradiation. Two papers that have focused upon SWNTs 2, 6 have shown an irradiation induced rippling of their walls, which has been attributed to beam heating. A third article 3 has shown the 200 keV irradiation induced collapse of a SWNT into a smaller diameter tubule, which has been attributed to the isotropic loss of atoms from the molecule.
In this paper, we determine the threshold energy for ballistic damage in SWNTs and evidence that the previously observed behaviors are attributable to anisotropic ejection and not to beam heating or isotropic ejection. Consider that beam heating is initiated by an inelastic electron-electron interaction in the specimen, such as an ionization, that subsequently weakens the bonding of the corresponding atom to the lattice and can result in its displacement. 9 Since many SWNTs are metals or small gap semiconductors, 10 such excitations are delocalized by the conduction band, creating little atomic instability. Thus, beam heating is not expected to be the primary mode of damage in SWNTs. Instead, damage is expected to occur primarily by ballistic ejection, where an essentially elastic interaction between an incident electron and a carbon nucleus causes the corresponding atom to be displaced from the nanotube lattice. 9, 11 As will be shown, the unique geometry of a nanotube requires that this damage occurs anisotropically.
II. THEORETICAL MODEL
In order to understand this behavior in a pragmatic sense, we can calculate the minimum incident electron energy ͑e.g., accelerating voltage͒ required for such a ballistic ejection to occur. To facilitate this calculation, we define the primary knock-on atom ͑PKA͒ as the carbon atom targeted for displacement. Since a nanotube may adopt any spatial orientation with respect to the electron beam, a complete description of the relevant interaction geometry is required. This is shown in Fig. 1 . The PKA is contained by a tangent plane to the nanotube, where n is the normal vector to that plane. The vector r points along the direction of impulse to the PKA ͑i.e., the direction of ejection͒. The vector b points along the direction of the incident electron beam. Finally, the angle ␣ is between n and r, the angle ␥ is between r and b, and the angle ␦ is between n and b such that ␦ϭ␣ϩ␥. It will be shown that it is only necessary to consider the case where n, r, and b are coplanar.
a͒ Author to whom correspondence should be addressed; electronic mail: luzzi@lrsm.upenn.edu Two factors must be considered in determining whether or not the PKA will be ejected: ͑1͒ the energy transferred from the electron beam to the PKA, and ͑2͒ the energy barrier that the PKA must overcome to escape from the nanotube. In the former, only the maximum transferable energy for a given knock-on geometry is of interest since we wish to calculate the minimum incident electron energy for which an ejection can occur. The quantitative expression is a well known function of the incident electron energy V and of
where m 0 is the mass of the electron and m C is the mass of the carbon PKA. Substituting the appropriate constants yields an equation for E transfer expressed in eV:
The energy barrier to escape depends upon the direction r with respect to the carbon atoms that neighbor the PKA. This direction is described in a spherical coordinate system, where the angle is defined as the azimuthal angle within the tangent plane, and 90°Ϫ␣ is the polar angle. The expression for this barrier must then have the form
E 0 is a constant equal to the escape barrier perpendicular to the tangent plane, g(␣) is the out-of-plane contribution to the barrier, and f (␣,) is the in-plane contribution to the barrier. Qualitatively, less energy will be required to eject the PKA perpendicular to the plane (␣ϭ0°) than tangential to the nanotube (␣ϭ90°) due to repulsive interactions with the neighboring carbon atoms. Crespi et al. have calculated these barriers with tight binding molecular dynamics simulation 5, 12 to range between 17 eV for ␣ϭ0°and 30-50 eV for ␣ ϭ90°, with the latter case depending upon the angle . For the purpose of this calculation, we remove this dependence and assume an isotropic in-plane escape barrier having a weight averaged value of 37 eV for ␣ϭ90°. This allows E escape to be expressed as a function of ␣ only
The calculated barriers ͑in eV͒ 5 are fit with a monotonically increasing function of ␣ ͑in radians͒ to yield the following numerical equation:
At a given incident electron energy V, at those ͑␣, ␥͒ geometries where E transfer exceeds E escape the PKA will be ejected. These conditions are indicated in Fig. 2 which shows ⌬EϭE transfer ϪE escape plotted for three different electron energies. For 80 keV electrons ͓Fig. 2͑a͔͒, ⌬E is negative for all ͑␣, ␥͒ such that ejection of the PKA is impossible. At 100 keV ͓Fig. 2͑b͔͒, ⌬E is positive for a small ͑␣, ␥͒ range such that ejection of the PKA is possible only within a narrow angular spread of both n and b. Similarly, at 200 keV ͓Fig. 2͑c͔͒ the energy transfer is sufficiently high that ejection is possible at more severe angles. Note that the cross section for ejection will increase as ⌬E becomes more positive, indicating that ejections are most probable for the geometry (␣,␥)ϭ(0,0). Finally, the threshold energy for knock-on damage occurs where the ⌬E surface has its maximum at 0 eV. This is calculated to occur at an electron energy of 86.4 keV.
For a known electron beam direction and energy, it is possible to determine which atoms on a SWNT ͑as defined by their tangent planes͒ are susceptible to knock-on damage.
Consider that the angle ␦ can be calculated for each ͑␣, ␥͒ having positive ⌬E. The largest ␦ for any such ͑␣, ␥͒ occurs when ␣ and ␥ are coplanar. Finally, the ⌬E surface intersects the ⌬Eϭ0 plane along a curve that has the property of giving the largest allowed ␥ for a given ␣, and vice versa. Maximizing the sum ␣ϩ␥ along this curve gives the largest possible ␦ that can occur for any ͑␣, ␥͒ at that beam energy. Any carbon atoms whose tangent plane normals are further from b than this angle, which we call ␦ max , cannot undergo ballistic ejection.
A numerical calculation of ␦ max as a function of electron energy is plotted in Fig. 3 . The corresponding illustration is drawn on the same abscissa as the plot above it and graphically shows which surfaces of a nanotube can be damaged as a function of electron energy for a beam directed down the page. As before, at 80 keV no carbon atoms can be ejected.
At 100 keV, atoms can be ejected for ␦Ͻ57.5°, destroying the top and bottom surfaces and leaving only the side walls intact. Above 138.8 keV, all carbon atoms can be ejected.
III. EXPERIMENTAL METHODS
In order to verify these predictions, we have uniformly irradiated isolated SWNTs with 80, 100, 200, 300, and 400 keV electrons. The material for this investigation was synthesized and purified at Rice University by the Smalley group. 13 Synthesis was accomplished by the ablation of a graphitic target containing 1 at. % each Ni/Co with 532 and 1064 nm laser pulses in a 4 in. diam quartz tube at 1100°C. Prior to delivery, the raw soot produced by this process was refluxed in a 3:1 mixture of 98% sulfuric and 70% nitric acids for 45 h, centrifuged, and washed with de-ionized water, dispersed in pH 10 NaOH solution containing 0.5 vol % Triton-X 100 sufactant, cross flow filtered to remove decomposition products, filtered through a teflon membrane, and vacuum annealed at 1200°C for 14 h at ϳ10 Ϫ4 Pa. ͑The details of this purification scheme are available in Ref. 13 .͒ Nanotubes prepared in this way are known to have well formed ropes, sometimes with a coating of poorly organized carbon material, and some remaining defects. 7, 13 Specimens were prepared without the use of a support film to facilitate observation of the evolving structure. A piece of the annealed buckypaper described above was torn away from the bulk and fixed inside an uncoated, folding TEM grid. At the tear, the tubes are well dispersed and suitable for imaging. All experiments were conducted in a thermionic emission JEOL 4000 EX high resolution TEM at room temperature, at a vacuum of ϳ10 Ϫ5 Pa, and at an electron flux of about 2.3ϫ10
19 electrons cm Ϫ2 s
Ϫ1
, estimated by calibration of magnification to current density on the viewing screen. Flux was maintained approximately constant for the duration of each experiment, and so electron dose is proportional to irradiation time.
IV. RESULTS
We first address effects in the isolated tubes that appear in Figs. 4 -6. The images in Fig. 4 show the irradiation of an isolated SWNT with 80 keV electrons. Figure 4͑a͒ shows the tube as it was first discovered and prior to extensive irradiation. Since a SWNT satisfies the weak phase object approximation, its TEM image is a direct projection of the specimen potential in the direction of the electron beam. Maximum contrast is produced where the beam encounters the most carbon atoms, which occurs where it is tangent to the tube's graphene walls. Thus, the tube in Fig. 4͑a͒ appears as two parallel, dark lines which correspond to the tube's side walls and are separated by a distance equal to the tube's diameter. In this instance, the tube is surrounded by vacuum and bridges the gap between two ropes, each comprised of nanotubes bundled together in an array. keV. All carbon atoms can be ejected ͑corresponding to ␦ max ϭ90°͒ for electron energies exceeding 138.8 keV. The illustration is drawn on the same abscissa. The shaded surfaces at each energy can be damaged by knock-on for an electron beam directed down the page. Figure 4͑b͒ shows the same tube after irradiation for 136 min. The walls of the isolated SWNT are parallel and have the same separation as in Fig. 4͑a͒ . These indicate that the rigid structure of the pristine SWNT has not been changed by irradiation, consistent with the prediction that 80 keV is below the threshold for knock-on damage ͓see Figs. 2͑a͒ and 3͔. The ''defect'' structures that are visible on the tube are discussed below.
Different behaviors are observed if higher energy electrons are used. Figure 5 shows a similar experiment conducted with 100 keV electrons. As before, Fig. 5͑a͒ shows the tube prior to extensive irradiation and Fig. 5͑b͒ after irradiation for 80 min. In the latter figure, the tube's side walls are distorted and no longer uniformly separated, suggesting that ballistic damage has destroyed the rigidity of the SWNT. However, the ejection of carbon atoms from the SWNT is expected to diminish contrast since fewer scattering centers would be present in the imaged features. In this instance this effect is not seen, and the side walls retain strong contrast. These facts indicate that the tube has not been damaged on its sides. The observed distortion is attributed to knock-on damage to the top and bottom of the tube, thereby destroying the cylindrical rigidity of the molecule. Consequently, the sides are less constrained and can adopt different conformations, with the sp 2 hybridized carbon atoms easily accommodating large out-of-plane bond angle distortions. This behavior is exactly that predicted by the theoretical model, as indicated in Fig. 3 . Note that the total irradiation time ͑and thus dose͒ in this case was approximately half that of the 80 keV experiment.
The results of an irradiation experiment with 200 keV electrons are shown in Fig. 6 . Figure 6͑a͒ shows the pristine tube, while Fig. 6͑b͒ shows the tube after only 26 min of irradiation. The microstructure has become uniformly amorphous-like and shows diminishing image contrast. The imaged side walls are seen to segment during the experiment, indicating no anisotropic selectivity and destruction of the nanotube surfaces that lie parallel as well as perpendicular to the beam. Again, this result agrees with the theoretical prediction. Similar results are obtained at shorter irradiation times for 300 and 400 keV electrons. Other irradiation effects are also apparent in Figs. 4 -6. In Fig. 5͑b͒ , for example, evolving lattice fringes are seen in the rope microstructure surrounding the isolated SWNT. These fringes, which are spaced ϳ0.34 nm, suggest a graphitic ordering having basal planes oriented parallel to the electron beam. Similar behavior has been previously detected in other carbonaceous systems, 14 although in the present case it is possible that the observed graphitization is due in part to anisotropic knock-on. Consider that preferential damage to the top and bottom surfaces of a SWNT leaves two essentially independent graphene ''slivers'' that could ostensibly lower their total energy by collapsing to the graphitic Van der Waals separation. This phenomenon was first reported for multiwall nanotubes 4 and can be seen in the isolated tube in Fig. 5 . An analogous interpretation of the transformed ropes is suggested, although the fact that many tubes are in Van der Waals contact with each other should result in a different functional form for E escape .
Amorphous-like disordering of ropes is observed in lieu of graphitization during 200 keV irradiation, where all atoms can be ejected ͑see Fig. 6͒ . This result has been rigorously demonstrated in highly oriented pyrolytic graphite ͑HOPG͒ by Muto and Tanabe 15 and Takeuchi et al. 8 It was quantitatively shown using HRTEM and electron energy-loss spectroscopy that the carbon atoms in HOPG undergo an sp 2 →sp 3 transition when irradiated with 200 keV electrons, resulting in both disordering within and crosslinking between the constituent basal planes.
V. DISCUSSION
Two caveats are in order. First, due to the large depth of field in the TEM and the facts that the images in Figs. 4 -6 are viewed in projection and SWNTs may have some elastic curvature, it is possible that the SWNTs of interest do not lie perpendicular to the beam. For this type of beam-SWNT geometry, it may be impossible to construct a tangent plane having ␦ϭ0°͑see Fig. 1͒ . In this case, there will be some minimum possible ␦, which we call ␦ min . At a given tension, if ␦ min Ͼ␦ max ͑see Fig. 3͒ , then the tube is in a geometry where it cannot be damaged by knock-on even though the electron energy is above the calculated threshold of 86 keV. In practice, we do not believe this consideration affects our interpretation of the data since the SWNTs studied are very long and fully in-focus, requiring a small ␦ min at worst. However, this limits the accuracy with which the ballistic threshold energy ͑where ␦ max is also small͒ can be determined by empirical observation alone.
Second, it is important to consider the role of damage rate. As was previously mentioned, since the cross section for an event to occur scales with the energy available for that process, it is expected that the ejection probability for PKA geometries having ⌬Eӷ0 will greatly exceed that for geometries having ⌬E only slightly positive. Thus different surfaces should damage at different rates, with surfaces perpendicular to the beam most rapidly destroyed. This fact also explains an important result: higher electron energies yield more rapid damage by shifting the entire ⌬E surface upwards.
Thus, it is proposed that Ajayan et al. 3 have misattributed the observed collapse of isolated SWNTs during uniform 200 keV irradiation to the isotropic removal of atoms. Here we show that atoms are most rapidly removed from surfaces lying normal to the electron beam. The initial response of an isolated SWNT to 200 keV irradiation is similar to that shown for 100 keV irradiation in Fig. 5 . When viewed in projection as in a HRTEM image, such anisotropic collapse can appear to be isotropic. Note that in Ref. 3 , the imaged SWNT fractured at a total electron dose 1-2 orders of magnitude less than that applied to the tube in Fig. 6 . If Ajayan et al. were able to continue their irradiation beyond this dose, it is supposed that an amorphous-like morphology would ultimately develop. This hypothesis is further supported by the results of Muto and Tanabe 15 and Takeuchi et al. 8 which were previously discussed.
In a similar vein, we present a possible explanation for the structures seen to nucleate on the SWNT in Fig. 4 . We must be open to the fact that SWNTs are real materials that have undergone extensive chemical and thermal processing. 13 Contrary to what is often assumed, it has been well established that tubes in this condition have intrinsic imperfections 7, 16, 17 ͑e.g., Stone-Wales defects or sites functionalized with carboxyl groups, etc. from acid purification͒ that are likely to exist in a high energy state. It is conceivable that such a defect could be invisible to the TEM and that residual impurity molecules entering the microscope's atmosphere could chemisorb to these sites, thereby lowering the defect's energy. Since the presence of such defects will also help the energy barrier to escape neighboring carbon atoms, these will also affect the response of the SWNT to irradiation. This is consistent with the observations of Monthioux et al., 7 who report an increased sensitivity of unannealed acid purified nanotubes to the electron beam. Furthermore, it should be noted that the behavior shown in Fig. 4 is a general result. Multiple SWNTs from the studied material were irradiated with 80 keV electrons, and in this case all tubes exhibited the nucleation and growth of anomolous defect structures along regions of the isolated and intact graphene wall. Conceivably, this reproducible response is an indication that the purification processing introduces or perpetuates defects in all nanotubes that are accessible to the employed acids ͑e.g., isolated SWNTs that have been exfoliated from ropes͒.
Thus far, we have discussed only damage due to nearly elastic beam-specimen interactions. However, inelastic interactions are also likely to occur at lower electron energies, where the cross section of electron-electron interactions is greatest. For example, in Fig. 4͑b͒ the rope microstructure at the periphery of the isolated SWNT is vermiculated, characterized by the curvilinear contrast signature of graphene-like carbon. Even the single tube, which withstood irradiation where it was surrounded by vacuum, is destroyed where it contacts other nanotubes. It is possible that this is the end result of a process that begins with beam induced crosslinking, a phenomenon known to occur in certain polymers. 9 Due to the repulsion of valence shell electrons, a carbon atom that is a part of the curved wall of a nanotube must have some asymmetry in the p orbital that forms the delocalized complex. Since the probability density is greater for the outward pointing lobe, a slight sp 3 character is imparted to the atom. As shown in Fig. 7͑a͒ , two adjacent nanotubes having opposing curvature are oriented such that strong p orbital overlap occurs. An inelastic interaction can conceivably provide sufficient energy to ''pop'' the atom over the activation barrier into a bona fide sp 3 hybridization. Conversely, if two graphene sheets have nested curvature ͓Fig. 7͑b͔͒, weak p orbital overlap occurs, and crosslinking is less probable since the orbitals of one of the carbon atoms must invert to accommodate sp 3 hybridization. The latter case is exemplified by the irradiation-induced coalescence of C 60 molecules contained within a 1.4 nm diam SWNT, 18, 19 where no bonding is observed between the interior C 60 and the surrounding tube. The apparent crosslinking of nanotubes during 80 keV electron irradiation opens the possibility for the selective manipulation and welding of nanotubes into more complex molecular devices having unique functionality, or into structural bundles providing load transfer between interior and exterior nanotubes.
Finally, we note that in each of Figs. 4 -6 there is an apparent swelling of the rope microstructures during irradiation. This may be attributable to the diffusion of amorphous carbon to the electron beam and its subsequent incorporation into the irradiation product. Amorphous carbon is a known impurity in nanotube material, 7 and this type of contamination is a well understood occurrence in TEM specimens, which are often prepared using an amorphous carbon support film. Indeed, Kiang et al. explicitly document the electron beam induced amorphous carbon contamination of a SWNT specimen. 6 Note that the observed swelling might alternatively be explained as a dimensional change if the irradiation product were less dense than the pristine material. However, this possibility is unlikely since SWNTs are hollow cylinders, and even a close packed rope has low density in comparison to likely irradiation products.
VI. CONCLUSION
The empirical data presented in this paper support our theoretical determination that the threshold electron energy for knock-on damage to an isolated SWNT is 86 keV. As the electron energy is increased from 86 to 139 keV ͑with the upper bound assuming an isotropic graphene sheet͒, atoms first on the top and bottom surfaces and then on the side walls become susceptible to ballistic ejection. Above 139 keV, all atoms can be ejected. The results cut against the largely unsubstantiated conventional wisdom that nanotubes can be stably imaged for long periods at TEM accelerating voltages of 200 kV or higher. Previous observations of shape transformations ͑e.g., collapsing, buckling, or rippling of the walls͒ in SWNTs that have been explained as a consequence of beam heating 2,6 or isotropic atom removal 3 are more convincingly explained as a consequence of anisotropic knockon.
Based upon the present work, we recommend an accelerating voltage of 100 kV for the routine imaging of nanotube material-it is an easily attainable imaging condition on most TEMs that offers a reasonable balance between ballistic and inelastic damage rates. An optimal imaging condition for isolated SWNTs might be obtained at a tension below even 80 kV, affording the dual advantages of low damage rate and increased contrast due to a large atomic scattering factor ͑which scales with electron wavelength͒. Careful consideration of the results contained herein will enable the nanotube field to more aggressively pursue a rigorous correlation between structure and properties though the use of the TEM. 
